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CHAPTER 1 


INTRDrOCTION 


Glass metal micro composites consist of a glass phase 
cfflntaining a distribution of metallic particles having 
dimensions of the order of a few hundred angstroms. The 
metallic particles may be precipitated either during melting^ 
controlled cooling of the melt or during subsequent heat 
treatment depending on the glass compositions and melting 
oonditions* The applications of glass metal raicrocomposites 
may be broadly classified as follows^. 

1, Photosensitive glasses 

2, Photosensitively nucleated glass-ceramics 

3, Photochrcanic glasses 

4, Polychranatic glasses 

5, Photothermal conversion (cermet) 

6, Solar control coatings ( electro float process) 

SOB»o • of the other possible applications will be : 

1, Electro-conducting glasses and fibers 

2, Memory switching 

3, High strength glasses and fibers. 

1.1 DEVELOPMENT OF HIGHLY G0NDO3TING LAYERS IN GLASS 

A number of methods have been developed to obtain a 
highly conducting layer on or within the surface of the gleiss. 
These can be divided into two broad categories. In tl^ first. 



2 


the layer is simply applied on to the surface of the glass* 

2 

Platinum^ gold or copper salts are heated bo redLBOtion on 

3 

the surface, metals are vaporised on to the surface , silver 

oxides and metal powders are fired on with the help of auxiliary 

4 

fluxes and lacquers containing suspensions of flaky metals 

are applied. The second category involves techniques whereby 

various glasses containing lead oxide and other metal oxides 

are reduced in hydrogen gas to induce a conducting layer within 

the glass surface, which have been developed by Green aid 
5 6 

Blodgeet ' . They have treated various glasses containing lead 

oxide and other metal oxides in hydrogen gas and obtained surface 

2 2 4 2 

resistance which varies from 10 ohn/cm to 10 ohm/oti * The 
surface resistance value depends on the compositions of glasses 
chosen, 

1,1,1 Ion Exchange and Reduction Technicaae : 

7 8 

Chakravorty * has developed a distinct technique 
by which a highly conducting surface can be induced within the 
surface of an alkali containing silicate glass and this 
conducting film is an integral part of the glass system itself. 
However, one precondition of inducing highly conducting thin film 
is that the glass surface should be sufficiently rough. The 
method can be briefly outlined as follows. 

After making the glass surface sufficiently rough by 
grinding off with -120 mesh SiC powders the sample is dipped 
into molten AgNO 2 at about 330“ C and Na"^ 552 : Ag"^ ion exchange 



takes place. After the ion exchange treatment a part of Na 
ions in the thin film of glass surface is replaced by Ag ions. 

4 > 4 * 

The Ag ions diffuses to the interior of the bulk glass and Na 

ions come to the surface again and gets ion exchanged with Ag 

and this process continue. The next step is to reduce the Ag 

ions by hydrogen gas in the terrperature range of 250® C to 

400®c.. Obviously the surface resistance that will be developed 

will depend on temperature and time of ion exchange and 

reduction treatment and it is also expected that it will 

depend on the surf ace roughness. Chakravorty observed a surface 

resistance of the glass, subjected to abo-^ mentioned treatment in 

the range of 0,15 ohm/sq.a:n* to 4.1 olro/sq.cm. By a detailed 

micro structural analysis of virgin glasses as well as the glass 

after ion exchange and reduction treatments, he came to 

the conclusion that the conducting layers in the glasses consist 

of oontinuous chains formed by metallic droplets of silver and 

bismuth respectively. It is believed that during reduction 

treatment the metallic Ag atoms which are formed by reduction 

are nucleated at the potential heterogenous sites followed by 

growth. The potential nucleation sites are provided during the 

surface grinding of the sample. Due to this surface roughness 

it was not possible to measure the thickness of conducting film, 

9 

It. has beCTi shown Das et.al, that the ceramised CaO— Si02"* 
Na 20 -Bi 202 systems develop high surf ace, oonducti*rlty 
they are ion exchanged in molten silver nitrate followed by 
reduction in hydrogen gas. The typical surface resistance 
varies in the range of 0,08 ohm/sq.crn to 14,76 ohm/sq,cm. d^ending 



on the conpositions and reduction tonperature and time* Das 
has shown tiiat the interface between the glass and crystal 
provides the potential site for the Ag metal to nucleate and 
grow during reduction treatment* Herwe, surface roughness is 
not necessary in this process of generating highly conducting 
1 ayer. 

In certain anorphous systems, when an applied electric 

field to the sample crosses a certain critical value the 

sample goes from a high resistance state to a low resistance 

state, Thisif phet^monon is known as switching. There are two 

types of switching-threshold and memory, When the applied 

electric field is removed the threshold switch reverts back to 

the off— state. On the other hand the memory switch remains in 

the on— state evoi after the removal of the electric field* 

Alkali borosilicate glasses containing bismuth oxide when 

subjected to ion-exchange in molten silver nitrate followed by 

a reduction in hydrogen are found to have micro structure onnsisting 

of metallic particles distributed in a glassy matrix. This 
11 

system is found to exhibit memory switching with a reciiction 
of resistance of six orders of magnitude when the applied 
electric field crosses the critical value of 30 V/cra, When a 
5-volt pulse of 10 msec, duration is applied to the sample it 
goes from the off to the on-state. However, on application of a 
50-<volt pulse of 10 msec, duration the sample switches back to 
the off -state. These glasses have been evaporated in a vacuim of 
lO torr on to alimina substrates to form thin films of a few 
micron thickness. Such film^^ edso show monory switching. When 



the sample in the on-state is heated above a tanperature ( around 

the melting point o£ bismuth metal) it reverts from the on to 

13 

the off -state. Recently, "'^2^5 ” ^2^5 containing 

metallic bisnuth or silver have been reported to show memory 
switching. The merwDry switching action has been explained on 
the basis of a particle stretching model 

1.2 ceramisation of glasses 

Glass ceramics are polycrystalline materials, which 
are produced from glasses by controlled crystallization, 

t 

Although sOTie 200 years ago, Reauner, a French chemist produced 
a polycrystalline material from the bottle glass by heating it 
to redness for several days, a true glass ceramic was produced 
when Stookey^^ of Ctoming glass in 1947 discovered that a 
polycry staliine material was produced by heating a photo sensi- 
tively opacified glass. In the latter case controlled 
crystallization is possible. This controlled crystallization 
involves two stepsMiucleatian and growth. However in the 
formation of polycrystalline glass ceranics the more important 
and critical step is nucleation. Because irrespective of the 
growth rate we ore going to get fine grained glass ceramics if 
the nucleation rate is high and vice versa, so we will put 
©tphasis on the nucleation process. 

There are two types of nucleation. They are 
( a) homogenoaus nucleation and (b) heterogeneous nucleation# 



1«2,1 Hbiaoqeneous Nucleation ; 


In a phase transformation, when one product phase 
is nucleated in a'parait p^e«€ in absence of or without the 
help of foreign particles it is called homogeneous nucleation 
whereas in heterogeneous nucleation the new phases are 
formed on third phase of different chemical compositions. 


The general equation for the rate of homogoieous 
nucleation given by Becker is as follows: 


where 


I -iss A exp 


L^.SL~±..J3l 

kT 


( 1 . 1 ) 


I a: Nucleation rate 

A s= Constant 

AF* k Critical free energy change for the formation 
of nuclei 

Q = Activation energy fcr diffusion 

k = Boltzmann constant. 


it 

, as a function of surface free energy <r , volume 
free energy change ( ' £>, g) for spherical nuclei is given by 
the expression. 



n 6- 
( Ag) 


( 1 . 2 ) 


Since is zero at the equilibrium transformation 
temperature, from equations (l^l) and (1,2) one can see that 
nucleation rate passes through a maximum in the tanperature 



range of transformation temperature to O^K. Hence one can 

suitably choose a nucleation temperature and can have a 

particular size of the crystal in the ultimate glass ceramic 

prodLKOt, The preparation of glass ceranics by the homogeneous 

17 

nucleation ^d growth is rare. However# Strand and Douglas 

% 

have studied the ceramisation of Si 02 ”Csi 0 -Na 20 system in which 

they observed homogeneous volume nucleation. Burnett and 
18 

Douglas also observed homogeneous nucleation in Na20-BaD-si02 
system. 


1,2.2 Ifeterogeneous Nucleation : 


The rate of heterogeneous nucleation# given by 


19 


Tumtaill is as follows; 


(AF + Q) 
A* exp - ^ 


kT 


(1.3) 


where# 


HF* =: AF*f{©-) = L 2 iP9 , ^lI . l . rgg . s§} .. 


( 1.4) 


and Cos® is related by. 


OrHM 


PH 


PM 


Cos© 


(1,5) 


© is the contact angle of new phase developed relative 
to third phase and this is related to interfacial tensions of 
three pimses - parent (M), product (P) and third phase (H) 
as given equation (1,5). Because of the fact that ff©) is 
fraction for 0* < © < 180“ , i > I, 



In the light of equations (1,1) to (1,5) we can 

come to the follov^ing conclusions related to selection of 

20 

effective catalyst as sianmarised by Berezhnoi after Stookey: 

(1) LOW critical free energy change of homogeneous 

nucleation ;f rom melt and this is made possible by 
the low interfacial energy betaween the melt and 
the crystalline phase, 

( 2) At low temperature the activation aiergy barrier to 
diffusion process should be small. 

(3) A low interfacial energy should exist between the glass 
and the nucleation catalyst for effective wetting, 

(4) The disregistry of lattice parameters between the 

crystallising material and the nucleation catalyst 
should be small and the permissible disregistry is 15%, , 

( 5) High solubility of nucleation catalyst at the melting 
temperature and limited solubility at low temperature 
where nucleation and growth of the primary phase occur. 

The last criterion is not related to the equations 
(1,1) to (1,5) tut it is obvious, otherwise no heterogeneous 
nixileation can occur. 

In the above discussion of the characteristics of 
the catalysed crystallization it has been assumed that the 
first stage in the process is the separation of the sjtmlcro- 
soopic crystalline particles. This is highly probable that 
in the case of metallic nucleation catalyst, the separation 
of tiny crystals of metals from glass is a precursor to nucleation 



and growth of the primary phase on these metallic tiny crystals 

which act as heterogeneous sites. There is still another 

route of crystallisation, especially important for oxide 

21 

catalysts and was discovered by stookey , The glass forms a 
homogeneous liquid in the molten state but separates into 
two immiscible phases during csDoling, This phase separation 
subsequently catalyses the crystallisation, so we see that 
there are two ways of catalysed crystallisation:{ 1) nucleation 
by precipitation of metals and ( 2) nucleation by two phase 
separation. 


Nucleation 


separation of metals; 


We have already considered the criteria of selecting 

such catalysts. However the processes involved can be 

summarised as follows with copper as an example. The details of 

these processes for metals like Cu, Ag, Au are given by 
22 

Mcmillan , 

(i) Cu is reduced from its ionic state to 

atomic state and remains uniformly dissolved in the molten 
glass. If this glass cools fairly rapidly it remains in the 
glassy state after cooling to room temperature, 

{ ii) Reheating of the glass leads to formation of 
the aggregates of copper atoms and these are of suhmicroscopic 
dimensions. These aggregates then act as heterogeneous sites on 
which the primary crystallization occurs by subsequent heat 


treatment, 



( 2) Nucleation by two phase separation : 

There are tstfo basic reasons for phase separation. 
The first one is related to geometrical consideration. If 
the triangular or tetrahedral structure of network formers 
significantly differs in size than that of SiO^ tetrahedra, 
then in acoonimo dating these network formers the SiO^ tetra- 
h^ra will be highly distorted and this will then lead to the 
phase s^aration to achieve low energy state. 

There is another possible mode of phase separation 
which also depends on geometrical factor. An ion^ for example 
which assumes tetrahedral coordination at high tenperatura can 
take part in tetrahedral network forming groups. But on 
cooling i£ it tends to assune octahedral :coordination number# 
this type of structural group will be incompatible with the 
principal SiO^ tetrohedra. As a result phase separation 
will occur* 

The second basic reason for the pha«e separation 
is the diff ermce between the charge of the principle network 
forming ion ( silicon) and other network forming ions. For 
example# if the other network forming ion possesses charge +5 
then from the electroneutrality condition one of the oxygai 
ions surrounding the pentavalent ion will be doubly bonded. 

Due to the asymnetry of these tetrahedral structures there 
will exist a marked disturbance in the Si-O-si bonds and this 
Will lead to phase separation. Another important thing in 
the phase separation is the field strength of the cations which 



are acoonwnodataS in the holes existing between SiO^ tetrahedral 

—2 

units. The arrangemoit of the O ions in glasses is mainly 
determined by the foirces exerted by the Si ions. But dqpaiding 

on the field strength of the interstitial cations^ they may 

-2 

cilso influence the O arrangements. Thus for the cation 
of high field strength they will influence bo achieve their 
equilibrium state of coordination. As a result the Si-O-Si 
bonds will be greatly disturbed and this will lead to phase 
separation, one phase being rich in Si02/ to achieve lower 
free energy state. 

The two-phase liquid, or glass separation is started 
by a process of homogeneous nucleation and this is much more 
likely to occur than homogeneous nucleation of the crystalline 
phase from tho melt. The reason is that the interfacial energy 
between the two glassy or liquid jtiases is very small compared 
to that of the crystalline phase and the melt. 

Usually in two phase separation one phase takes 
the form of droplets and the droplets are uniformly distributed 
in the matrix of second phase. This droplet may be homogeneously 

nucleated and then acts as a heterogeneous site for the subsequait 

23 

crystallization of the matrix. The work of Maurer on 

Mg0~!M203“*Si02 system with Ti02 as a nucleating catalyst 

* ■ ' 

indicates two phase separation, Ihe droplet phase is one which 
contains an excess of TiD2« 



Fecto the stuidy of optical scattering he stowed that anisotropy 
of the enailsion or droplet phase increases when heat treated 
in the tanperature range of 7 25 - 770 ® C, This isotropic to 
anisotropic change is related to the crystallisation of the 
droplet phase. Devekey and Majundar^^ also observed honwgeneous 
two liquid phase separation in Mg0-Al202-Si02“Ca0 system contain- 
ing 8 - 13 % TiD2. Subsequent heating leads to the formation of 
pseudobrookite crystallites in the amorphous phase containing 
excess of Ti02 ( anulsion phase) and these crystallites then 
act as heterogeneous sites for the subsequent crystallization of a 
series of metastahle phase culminating in 0 ( -cordierite. 

The other mechanism is the crystallization of the 

25 

matrix phase, after two phase separation. Hing and Mcmillan 
have stown in Li20-Si02 system using ^2©^ as the nudeation 
catalyst, by electron microscopic studies that crystallisation 
occurs in the glassy matrix between the phase sejjarated droplets. 
They have explained that it is probably due to the P 2°5 
reduces the interfacial energy ( 0 " ) between the crystalline 
phase developed and the phase s^arated glas^ matrix* 

Another possibility is that the interface between 
the two phase separated phases may act as a heterogeneous 
site for the heterogeneous nudeation and subsequent crystalli- 

2 

sation of the glassy matrix to form glass ceramics. Ohlberg et.al* 

confirmed that crystal nudeation starts at the glass-glass 

interf ace in Li20-Cao-Ti02“S iO 2 and in Li20“Mg0-Al202-Si02 

27 

glasses. Tonozawa on the basis of optical microsc»py and 



x-ray small angle scattering measurements on system 

28 

has come to the same conclusion, Kzumasa et.al, making use 

of nucleation and growth rate theory has arrived at the same 

29 30 

conclusion. However, Harper et,al, and Nakagawa et,al, did 
not find any supporting evidence in the study of the Li 20 -Si 02 
system, 

Ebmogeieously nucleated crystallisation of matrix 
phase followed by the crystallisation of droplet phases is also 
possible. However, this will be lead to the formation of less 
fine grodined glass-ceramics. 

In addition to the various mechanisms already discussed 

there is another possible effect in catalysed crystallisation 

which must be motioned. As we have already seen that ( equations 

(1,1) and (1,2)) interfacial energy between the cirystalline 

phase and the melt constitutes a barrier nucleation, so it is 

expected that i£ by some means the interfacial <aiergy can be 

reduced, the nucleation rate will be higher. Lowering of 

interfacial ^ergy will occur, if surface active agents become 

31 

concentrated at the ^lid-liquid interface. Hilling has 
discussed this possibility, 

1,2,3 Growth ; 

We have already mentioned that nucleation is no re 

critical in ceramisation process but it is important to mention 

here that sometimes the two phase separation has considerable 

32 

effect on the crystal growth, Toirozawa has shown that in 



Li20*“Si02 system, the shift of matrix cxamposition due to 
phase separation has large effect on crystal growth rate. He 
has explained the observed difference in the apparent activation 
energy of the crystal growth by the shift of matrix ccroposition 
due to phase separation* 

So from the discussion of nucleation and growth we 
may come to the conclusion that in eeramisation what particular 
mechanism will be involved depends on the system chosen and the 
kind of nucleating agent added* 

1,3 CHOICE OF GLASS SYSTEM 

eeramisation of Si02-2n0-Li20-P205 system has been 
22 

Studied by Macmillan . The phosphorous penoxide acts as a 
nucleant. If zinc silicate phase can be grown in the glassy 
matrix, the matrix will become relatively open as the lithium 
ions are left unexpensed. We may therefore, expect that there 
will be a decrease in resistivity. Furthermore, the lithium ions 
can be ion exchanged with silver which on reduction will give a 
conducting layer. On these expectations we have chosen this 


system 



1.4 DEVELOPMENT OF HIGH SURFACE CONDUCTIVITY IN GLASS-CERfeMICS 

In the development o£ high surface conductivity 
within the surface of a glass by ion exchange and reduction 
treatmait it is necessary to have ;x>ugh glass surface. As 
we have mentioned earlier this rough surface provides the 
potential sites for the silver metals to nucleate and grow 
during reduction treatment. Now if a glass is partially 
ceramised then the glass crystal interface may provide the 
heterogeneous site (like the rough surface in case of glasses) 
for the Ag metal to nucleate and grow. So the surface 
roughness can be completely avoided. Thus by subjecting a glass 
ceramic to ion exchange and JKsduction treatment as described 
later, we can produce a highly conducting glass ceramic surface. 




CmPTSR 2 


SmTEt4£2^T OF THE PROBLEM 

An important requirement of the material used as 
the resistor in potentiometer is that the resistance should 
be essentially constant around the room temperature. Therefore 
the temperature coefficient of resistance of the material 
should be very snail i,e, , lOO ppm/’K in the temperature 
range -lOO^C to + 1CXD*C. In case of wire wound potentiometer 
the wire may be erroded by friction with contact terminal in 
course of use, making the instrument useless. The last problom 
may be circumvented by applying a thin film on an insulating 
substrate. The TCR of this thin film should be obviously 
small. One problem associated with applying a thin film on a 
substrate is that unless the bonding between the thin film and 
the substrate is sufficiently strong at the interface, the thin 
film will oome out in course of time. Therefore the thin film 
should be a part of the insulating material and it should be 
smooth enough to enable the contact terminal to slide over 
it. 

8 ' 

Chakravorty developed highly surface conducting 
glasses by ion-exchange and reduction treatment. The surface 
resistances for the samples are in the range of 0,15 of*n/square to 
4.1 ohm/square and tbe TCR is around 2000 ppm/*K, But the 
necessary precondition is to roughai the surf ace to 120 me^. 
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Reddy developed a high surface conductivity in optically 

polished ( 1 micron) glass ceramics by ion exchange and 

lo 

reduction tecliiique and Das developed the sane with nore 
polished surface (0*05 micron). In above cases conducting layers 
formed one integral part of the insulating substrate. The 
objectives of the present study are the following: 

1, To study the nucleation and growth tenperatures of glasses 
of differeit compositions by DTA technique and to study 
the composition by ceranising the glasses at diff erait 
heat treatment temperatures for comparison purpose, 

2. To identity crystalline phases by X-ray diffraction* 

3* To study the effect of different phases and temperature 
on the DC and AC resistivity of the glasses, 

4* To study the time- temperature effect of ion exchc«ige 
and reduction on the bulk resistivity of the ion 
exchanged and reduced glasses. 

5, To correlate the bulk resistivity with the amount, 
sizes and nature of crystals during ceramisation, 

6, To find the thickness of the conducting layers of the 
ion exchanged and reduced ceramised glasses. 

7, To study the AC resistivity of tw Ign' exchanged glass 
at different tempera tuj^s. 

To study the maohanism of conduction* 


8 



Clg^TSR 3 


EXPERIMENTAL PROCEDURE 

3.1 PRBPARA.TION OF GLASS 

The three glass oompositions/ under investigation 

are given in Table 3*1. The glasses have been prepared frcati 

reagent grade ..chemicals. Required quantities of chemicals 

corresponding to 150 ^s of a batch [^Appendix are weighed 

in a physical balance and then mixed with acetone thoroughly 

in a mortar to achieve a proper homogeneous mixture. For 

refining 0 , 2 % by weight of AS 2 O 3 is added, 

is transferred 

The dried mixture^ to alunina crucible and heated 
electrically in a furnace fitted with globar rods. After the 
slow heating in the range of 90O‘’C~120O“C, the final melting is 
accomplished in the range of 1400® C “14 50® C, 

After melting^ the molten glass is cast in an 
aluminum, nold and annealed for one hour in the temperature range 
450®C“500tc and then left for furnace cooling, 

3.2 CERAMISATION OF GLASS 

3,2.1 Di£f er^tial Thermal Analysis ( glA) , Thermo gravimetry ( TG) 
and^eriva^TO Thermoqravimetry (DTG) s 

Normally any phase transformation occurs by a 
process of nucleation followed by growth at higher temperature. 

The same is true for the ceramisation of glass. So before 
ceapamisation one should know the nucleation and growth temperature 


TABLE 3.1 



Glass No, 

1 

2 


Composition in weight for 150 gn, glass 


SiOj 

ZnD 

LljO 

^2° 5^ 

96,27 

30.47 

49,87 

5.65 

92.41 

27.35 

66.7 3 

5.92 


3 


92.05 39.55 


38.22 


5,40 








This is actually accxanpli^ed by the DTA and the information 
is camplanented by the TG and the DTS analysis. 

The principle of DTA technique is to measure the 
changes in heat content as a function of difference in 
temperature existing between the sample under investigation 
arua a thermally inert material as a reference compound^ as 
the two materials are heated at a predetermined rate. The TG 
technique consists of measuring the changes in weight of the 
sample under investigation, as the sample is heated in a 
predetermined rate. The DTG technique consists of measuring 
the rate of weight loss of the samples as it is heated at a 
specified rate. 

The DTA^ TG and DIG curves for all the glasses have 
been taken using "Mom Derive to graph" with a heating rate of 
6-7"C/feinute, for the glasses numberedl.2and 3. In 

this instrumoit the DTA, ig and DTG curves are photographically 
printed in a continuous manner as a function of temperature. 

The advantage of this instrument is that all the three types of 
curves are taken under the identical experimental conditions, 
since all the three types of curves are taken simultaneously in 
a single run. Since the informations conveyed by these three 
techniques are complementary to each other, so in a strict 
sense they can be compared among thaas«^ves only if they are 
carried out under identical conditions. When it is not possible 
to resolve the TG peak in thermogravimetric analysis, it is 
resolvable in the derivative thermogravimetric analysis. Another 



advantage of this instrument is that it measures the tOTperature 
of the sample. Hence irrespective of heating rate, it always 
reflects the same tonperatuire at which reaction takes place. 

The glasses are ground and the glass particles of size 

-14 mesh to +20 mesh are sieved out. According to Devies 
33 

and Kerrison this size is large erxDUch to avoid surface 

crystallisation. The ground sample of selected size is then 

• 5 - 

mixed with powder in the ratio of 70:30 by volume. 

This prevents the sintering of particles, althou^ the peak 
height decreases, sintering is undesirable since it leaves air 
gaps and also makes the removal of the sample difficult at 
the end of run. 

The exothermic peak observed is due to growth of 

crystals from glasses. In the expression ah = A g + TA s, 

G is negative in spontaneous process. Since ordering occurs 

in crystallisation from glasses, A S is negative and hence H 

is negative. This means an exothermic process. The endothermic 

33 

peak observed is due to nucleation process , 

3,2.2 Heat Treatment : 

The object of heat treatment is to convert the glass 
sanple into a fine grained crystalline material. From the 
annealed glass rectangular sanples are cut with a diamond-tipped 
cutting whe^. Then the samples are heated in a wire-wound 
furnace to give the nucleation and growth treatments as determined 
by the differential thermal aialysis. But during heating we have 



to be very careful about the heating rate. The importance of 

heating rate during ceramis at ion of glasses has been discussed in 

22 

detail by McMillan , The first stage involves the heating of 
the sample from room temperature to the nucleation temperature. 
Here heating rate is not very critical. Heating rate should be 
such that the thermal stress developed during heating will not 
lead to cracking of the glass sanple. Obviously heating rate is 
determined by the thickness of the scsmple and the co-efficient 
of the thermal expansion of the glass. At the nucleation 
temperature the samples are held for a period of one 1x3 ur. 

The second stage involves the heating of the glass samples fxxm 
the nucleation temperature to the maximum crystallisation 
temperature. Here the heating rate is very important. At 
this stage the heating rate should be sufficiently slow so 
that crystalline phases will be developed and this in turn 
will prevent the deformation of the sample at the higher growth 
temperature. To be on the safe side we have used, a heating 
rate of about 4®G/feinute. All the samples are held at their 
growth temperatures for a period of three hours. Finally 
the furnace is shut down and the sartpie is left for furnace 
cooling, samples IS, iD, 3S, 3D are cooled at the rate of 0,5* C/ 
minute to avoid cracking. The details of the heat treatment 
and other treatments are listed in Table 3,2, 
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3,3 ION S3g:HVNGE TREMHSNT 


All ceramised glass samples have 'be&i subjected to 
Ag'*' juon exchange treatment by immersing the samples in 
molten silver nitrate. 

The surfaces of the ceramised samples are ground 

f _ 

flat' by rubbing with SiC powder of sizes fix)m 120 mesh to 

600 mesh. Then the samples are optically polished with 1 raicrori 

AI 2 O 3 powder, followed by 0,05 AI 2 O 3 powder. 

The polished glass-ceramic samples are put into the 
pyrex crucible and the rest of the pyrex crucible is filled 
with reagent grade A^ro^, The crucible, being kept in a hole 
of a refractory plate is then introducei in a wire-wound 
furnace. The tenperature is raised to 310° C and Na"^ 
ion exchange takes place in molten AgNO^, After the ion exchange 
treatment, the sample is taken out of molten AgNO^ and putting 
the sample on the refractory plate, it is immei lately^, introduce 
again intx) the furnace. The furnace is then switched off and 
the sample is left for furnace cooling. This precaution is 
taken to avoid cracking due to thermal stresses, Ihe cooled 
sample is dipped in water for a period of 24 hours to dissolve 
the traces of silver nitrate adhering to the sample. 



3.4 REDUCTION . 

The Ion exchanged samples a.re kept on a refractory 
base and introduced in a tube furnace. The hydrogen gas is 
passed at the rate of 100 cc/minute from the beginning. The 
temperature is raised slowly to a specified temperature and 
kept there for a specified period of time. The details of 
various reduction tenperatures and times applied to different 
ceramised glasses have been given in Table 3*2, After 
the reduction period is over, the furnace is switched off and 
vthesn the tetnpera,ture of the furnace drops down to lOO^C, the 
flow of the hydrogen gas is stopped. 

3.5 MEASUREMENT OF BULK ELECTRICAL RESISTIVITf 

3,5,1 Resistivity of v,S and D Samples ? 

The schematic circuit diagram for measuring the 

DC and AG resistivity depoidence on temperature (25®C-350®C) 

of = virgin (V), single heattreated ( s) and double heattreated 

( D) glasses is given in the Pig, 3,1, Fig. 3, 2 gives a schematic 
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view of the resifetivity cell fabricated by Kumar • 

The glasses are cut Into pieces ( approximately 
1x1x0, 3 cm ) and gold is deposited by vacuum evaporation on two 
opposite surfaces which do not contain the thickness after 

measuring the actual cross sectional area and thickness of 
the sample with a micrometer (Mi tu to ya make). The sample is 
loaded to the sample holder and the measurements are carried 
out as follows: 



ELECTRO 



FIG. 3-1 








.3.2 


Sc i\Q, ni Cl V* c viev/ of the resistivity cdl. 
'Ref 34.) 



3,5,1,1. DC Resistivity : 


At different temperatures in the region of 25°G-350°C 
the curroit through the sample (I amp.) is measured with an 
electrometer C 610C solid state# Keithley Instruments) for a 
certain wltage (V), This is done for applying different 
voltages (0-10 V). The slPPe of the I-V plot is the resistance 
(ROhm,) of the sample at that temperature. The DC resistivity 
at that temperature is given by 

Pdc = ‘‘I 

where the resistivity in ohm— on, A the area of cross section 

2 

in cm # t the thickness in an, 

3. 5, 1,2 AC Resistivity : 

In the temperature region of 25'’C-300®C the AC 
resistivity of the samples are measured by bridge balance method 
using transformer ratio arm capacitance bridge (GR 1615-Al 
with an oscillator (GR121CX>) tuned amplifier and null detector 
(GR1232A) measuring the capacitance C and dissipation factor D of 
the samples. The AC resistivity is given by 

= A (3.2) 

2?tftCD 

2 

where A is the area of cross section in an , t thickness in cm, 
f is the frequency of applied field in Hz. The at each 

temperature was measured for frequencies 0.1, 0,2, 0,5, 1,0, 

2.0, 5,0, 10,0, 20,0, 50.0, 100.0 KHZ, 




3,5,2 DC Resistivity of Ion Exchange and RediK;ed samples : 

The schanatic circuit diagram for measuring the DC 

resistivity of ion exchanged and reduced samples is given in 

the Fig g, 3, 3, The same resistivity cell is used as before 

contain 

Fig, 3,2 , All the &)ur surfaces which do not^the length and 

thickness of the sample are removed to avoid parallel path 
and on the two surfaces which do mst contain the l^gth,gold 
is deposited by vacuian deposition after measuring the leaigth 
and thickness of the sample by the micrometer. The sample is 
loaded to the sample holder and the measuranent is carried out 
as follows. 

At different temperatures in the region of room 
temperature to 25° C less than the reduction temperature the 
current-voltage characteristic is studied. The slope of the 
I-V plot is the resistance R (oiin) at that temperature. The 
bulk resistivity of the conducting layer is given by: 

Pc . = 


, Temperature coeff iciait of resistance 



{ 3. 3) 


where 


is the resistivity at room temperature and 


‘’Pc 


■RT 


gijr- is the slope of . ^ -T plot. 


The 


resistivity during cooling is also noted and 


it is found that the resistivity has decreased. The sample is 
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heated again and the resistivity is measured during heating 
and cooling* This cycle is repeated till a stable resistivity 
is obtained which remains same during heating and cooling* 

3.6 determination OF THICKNSSS OF CONDUCTING LAYERS 

The thickness of the cxinducting layers is determined 

by taking the scanning electron micrographs in a ISI 60 Scanning 

Electron Microscope, The cross checking is done by measuring 

the surface resistance as a function of the thickness of the 

10 

conducting layers , The thickness measured by both methods 
are found to be almost same, 

3.7 MICROSCOPIC STUDY 

3.7.1 sample Preparation and Photographic Printing of 
Micpsstructajre ; 

In the usual way as discussed in the preparation of 
the sample for ion exchange, some of the samples are optically 
polished to 0,05^, Gold is deposited by vacuum evaporation 
on the polished surface and the scannii^ electron micrograph 
is taken in a ISI 60 scanning Electron Microscope, 

3.7.2 Determination of Percent Volume Crystallisation i 

Assuming the crystallisation is hDiiogeneous 
throughout the bulk of the material, we can use the point 
counting metlK)d to find the % volume crystallisation by the 
following expression 




( 3.4) 


Volme crystallisation s= x 100)% 

where, 

n ss nuraber of points coinciding with the crystalline 
phases 

N a total nimber of points present in the selected 
area of the transpar^t graph paper. 

Making use of :the above expression we have calculated the % 
volume crystallisation for different ceramised glasses* 

3,8 X-BhY DIFFRACTION STUDY 

X-ray diffraction study has been carried out to 
idaitify the crystalline phases present in the ceramised 
glasses. All the glass compositions have been Germanised ags 
in Table 3.2, Particle sizes used for taking the 

diffraction pattern by x-ray diffractometer are below 325 mesii 
The fundamental law in X-ray diffraction is the 
Bragg law and is given by the expression, 

2d Sin© = ti/V ( 3,5) 

where d is the interplanar spacing, © is the Bragg angle and 
^ is the morxDchromatic radiation used for the diffraction 
purpose. Prom the above expression we can calculate the 
interplanar spacings for different Bragg angles. The inter- 
planar gpacings are characteristics of a particular crystal 
structure and they are associated with particular relative 
int^sities, for a particular crys tal tine material, ffence 
by comparing these d values with the 
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standard data such as A.s.T.M, Index and also by matching 
the relative intensity data, one can identify the iJRknown 
crystalline materials* 

In X-ray diff ractoraetry we get a continuous plot of 
relative intensity versus 2©, where © is the Bragg angle. 

Hence from these relative intensity versus 2© graphs we will 
get the necessary data to carry out the identification of 
the crystals developed during ceramisation of the glasses. 

3,9 TRANSMISSION ELECTRON MICROSCOPIC (TEM..) STUDY 

TEM analysis is carried out for virgin glass 

samples. The TEM sanples are prepared by the convoitional 

14 

method of preparing glass samples for TEM study , The 

transmission , electron micro structure of the samples at lOO kv 

♦ 

are taken in a Phillips EM 301 Transnission Electron Microscope, 



CHAPTER 4 


RESULTS 

4.1 THERMAL ANALYSIS 

The thermal analysis curves for the glass samples 1, 

2 and 3 have been shown respectively in figures 4,1, 4,2 and 
4,3, The nucleation and growth temperatures for all the glasses 
as obtained from the corresponding DTA curves have been 
written on the respective figures. The aido thermic and 
exothermic peaks have been attributed to nucleation and growth 
respectively, because of the reasons explained earlier in 
Chapter 3, 

4.2 X-RAY DIFFRACTION STUDIES 

The relative intensity versus 2B curves for all 
ceramised glasses, obtained by x-ray diffraction are shown in 
Figures 4.4.1s, 4,5 , Id, 4.6.2S, 4.7, 2D, 4.8. 3S and 4.9, 3D, 

The last number in figures represent the glass number as 
mentioned in Table 3,2, 

For d-spacings calculation we have made use of computer. 
The computer progran is given in Appendix 2, From the 
calculated d-values and the corresponding relative intensity 
values, identification of unknown crystalline phases are 
done comparing with the standard data from A.s, T.M, index. 

All the X-ray diffraction data for IS, ID, 2S, 2D, 3S, 3D 
samples are given in Tables 4,1, 4,2, 4,3, 4,4, 4-,5 and 
4,6 respectively. 
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From Table 4«1 we observe that the data for the crystalline 
phase in this ceramised glass, match reasonably with those for 
zinc slicate. Hence the crystalline phase developed in sample 
No, Is is concluded to be zinc silicate. However a few weaker 
peaks are present which do not coincide with those of the 
phases mentioned. So there will be some other silicates of minor 
amount. 

From Table 4,2 we observe that the data for the 
crystalline phases in this glass, matdh reasonably well with 
those of lithium plxssphate. The presence of zinc silicate is 
also there along with some other minor silicates. 

From Table 4,3 we can conclude that lithium phosphate 
phase is there in this glass along with some other minor 
silicates. 

In Table 4,4 we see that there is no change with 
Table 4,3, So no phase other than phosphat^ilicate along with 
some other minor silicates is present there. 

From Table 4.5 we observe that the data for the 
crystalline phase in this ceramised glass, match reasonably 
well with those for zinc silicate. Hence the crystalline phase 
developed in sample lSto,3S is concluded bo be zinc silicate. 

However a few weaker peaks are present which do not coincide 
with those of the phase mentioned, so there will b® asonseother 
silicates of minor amount. 

From Table 4,6 we observe that the data for the 
crystalline phases in this glass, match reasonably well with td»se 
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of lithium pho^hate* The presence of zinc silicate is also 
there along with some other minor silicates. 


4,3 RESISTIVITY OF VSD S?iMPLES 


4,3,1 EC Resistivitv-Tgnperature 

All the data are plotted and given in Figures 4,11, 

4,12 and 4,13, The I-v plot are found to be linear in all cases, 

A representation plot is given in Figure 4,14, The resistances 
are calculated by finding the slope of the I-v plot by least square 
method. The resistivity is calculated using equation (3,1) 
and the computer program used for it is given in Appendix 3. The 
activation energy is calculated by using the Arrhenius equation 

p = exp ( eAt) 

where. 




resistivity in ohm-cm 

p 

'o 

ss 

pre-exponential factor 

E 

ss 

activation energy in eV 

•k 


Boltamann constant 

T 

m 

absolute temperature in 


The activation energy for different samples are given in 
Table 4.7, CENTRAL LiBRARY 


4.3.2 


/4cc. No. 

AC Reslstivitv-"Temperature 



The representative ac res istivity"*teinperature data 
are given in Table 4,8, 4,9, 4,10, 4,11 and 4,12. One 
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TABLE 4.7 

^jgtivafeion Energy o£ Different Glasses 


sample 

Tanperature °C 

E in eV 

IV 

25 

0*03 


300 

3*86 

Is 

25 

0,01 


300 

1.90 

ID 

:2S 

0,008 


300 

0.67 

2V 

25 

0.22 


300 

0*84 

2S 

25 

0,23 


300 

0,81 

2D 

25 

0.24 


300 

0.75 

3V 

:as 

0,18 


300 

0.91 

3S 

25 

0,08 


300 

0,80 

3D 

25 

0.18 


300 

0.95 




Tempera ture»^C Resistivity Data for r^n 
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representative plot is given in fig, 4, 15, The log resistivity 
values are plotted against log frequmcies. It is found that 
it follows f"*® relationship, s is calculated from the slope 
of the straight line. All the s values are given in Table 4.13. 
One representative log ^ vs log f (Hz) is given in Fig,4,16. 

4,3,3 Thickness of the Conducting Layer ; 

The scanning electron micrographs are given in 
figures 4,17, 4,18, 4,19, 4,20, 4.21 and 4.22, The thickness 
of the conducting layer is tabulated in Table 4,14, 

4*3,4 Resistivity values of Ion Exchanged Glasses ; 

The resistivity versus temperature data are plotted 
in figures 4,23, 4.24, 4.25, 4.26, 4.27 and 4,28. Ihe slope is 
calculated by using least square method and the TCR values are 
calculated by using equation 3.3 and the computer program is 
given in Appendix 4, 

4,4 SCANNING ELECTRON MICROGRAPH 

I 

The micrographs are given in figures 4,29 , 4,30, 

4,31, 4.32, 4,33 and 4,34 for the samples IS, ID, 2S, 3S, 3D 
respectively using equation 3.4 we have calculated the volume 
crystallisation. The micro structural data are sisiinarised in 

the Table 4,15, 



2.0 

1oVt(K''; 

3.0 


FIG. 4* t6 
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TABLE 4^1!=^ 
s Values of Samples 


sample 

Tanperature °c 


'' s 

IV 

300 


,8379 


25 


,0075 

Is 

300 


,8359 


25 


.5351 

Id 

300 


.8854 


25 


. 3802 

2V 

300 


.8215 


25 


.0062 

2S 

300 


.8461 


25 


.5452 

2D 

300 


.8625 


25 


,4063 

3S 

300 


.269T> 


25 


.0061 

3D 

300 


,8034 


25 


.4174 



Sam(3Le 1S,3 


FIG. 4-17 
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fl©. 4.I8 
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TABLE 4.14 



sample Reduction time Reduction Temp,. Thickness 
in hours °C in micron 


2S 

0,5 

250 

50 

2S 

1.0 

320 

60 

2S 

2.0 

320 

130 

2D 

0,5 

250 

60 

2D 

1.0 

320 

72 

2D 

2,0 

320 

160 







ptohm 







O 9 



During heating 
cooling 


Temp.PC 

FIG. 4-X8 
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TABLE 4.15 


Micro struc ture data of 

Glass Ceramic Samples 


sample 

Perceait volume crystallisation 

IS 

55 

ID 

72 

2S 

53 

2D 

54 

3S 

60 

3D 

72 


The? data is very much in agreement with the information 
of X»ray data ar»a resistivity data, 

4.5 TRANSMISSION ELECTRON MICROGRAPH 

The micrograph for IV, 2V, 3V samples are given in 
figure 4.35, 4.36, 4.37. interconnected phases are observed 

in all the samples. 
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DISCUSSION 

For samples 1 and 3 similar relative heights of 

but 

the two exothermic peaks are observed^for glass 2 it is 
different* In glass 2 second exothermic peak is relatively 
higher. 

First exothermic peak in glass 1 and 3 is identified 

as for zinc silicate crystals with a small amount of lithium 

phosphate crystals, second phase is identified as lithium 

phosphate. The Li20 content in glass 2 is maximum and this is 

the reason of the domination of lithium phosphate phase over 

zinc silicate phase in the first growth temperature. 

Higher volume crystallisation in double heat-treated 

samples is due to the growth of second phase i,e. lithium phos- 

phase except in glass 2, In glass 2 in first growth 

temperature the volume crystallisation is appreciably high. 

This is due to higher lithium content. 

The conducting layer is observed to increase with 
reduction 

increase in^teirperature and time. For 2D samples longer 
ion exchange time is given and comparatively thicker conducting 
layer is obtained. This may be due to availability of higher 
hg^ ions. 

For glasses 1 and 3, there is decrease in resistivity 
after the first heat treatmait as the matrix becomes relativ^y 
richer in lithium oont^t. After the second heat treatment 
there is again a rise in resistivity as lithium . ions are e^ensed 
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for lithium silicate phase. For glass 2 the glass becomes 
less conducting even after first giowth temperature as lithium 
silicate phase is given up. After the second growth tenperature 
the amount of further growth is very less and so the resistivity 
does not change almost. 

The AC resistivity does not change much with change in 
temperature. 

The s values obtained from Table 4,13 for higher 

temperature is between 0,8 - 0,9. It is in accordance with 
35 

FtJttSS4laih« and can be concluded as for ionic hopping 

conduction. 

The E values are found to be very large at high 
temperatures. This is due to the fact that higher ^ergy 
is needed for creating vacancies as well as for the motion of 
ions into the vacancies. This again confirms the hopping 
of lithium ions. 

The TCR values vary between 550 ppm/’K to 2500 ppm/’K, 

The TCR of silver metal is around 4000 ppm/°K, So as 

8 

suggested by Chakravorty , the high surface cord uctivity is 
believed to be developed by the formation of interconnected 
chains of silver droplets. As the reduction tonperature 
decreases the kinetics of Ag*^ ion reduction cfecreases and 
for shorter reduction time the number of silver atoms produced 
will be less. The decrease in temperature also causes the 
lowering of nucleation rate of silver atoms. For the shorter 
reduction duration the growth of silver particles will be small. 
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The net result is that smaller number of interconnected 
silver droplets will be formed# as a result of which the 
surface resistance increases. 

The affect of measuring temperature is observed from 
the slope of the bulk resistance-tanperature plots. The 
general trend is that the slope increases during cooling 

cycle of measurement. This change is believed to be due bo 
the further precipitation of fresh silver droplets at the 
highest temperature of measurement, For samples reduced at 
lower temperature and for shorter duration the change of 
slope for the surface resistarxie versus tanperature plots 
during heating and cooling cycles# is found to be more 
pronounced than that reported for samples recced at higher 
temperatures. This difference can be ej^Jlained by assuming 
that precipitation of silver particles occurs by migration 
of silver atoms to the stable nuclei. Thus at lower 
reduction temperatures ev^ more silver atoms are available 
for generation of fresh silver droplets than those existing 
in sanples reduced at higher temperatures. 

33 

With reference to previous work # by using hydrogen 
alone in reduction treatment# the bulk resistance 
has been lowered by ten oiTders of magnitude in a considerably 
shorter reduction time. In contrast to the use of the 
mixture of hydrogen and nitrogen gas# the use of hydrogen 
gas alone probably increases the kinetics of redaction of Ag 
ions considerably. So higher bulk conductivity is achieved. 
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The continuous change in slope in log p -loooA 
plot for virgin samples cannot be properly explained, 
Hbwever, this may be attributed to the tara interconnected 
phases present in the glasses. 



CHAPTER 6 


CONCLUSION 

From the ej^erimental studies, made on the glass 
ceramic samples of Si 02 -'Zn 0 -Li 20 “F 2^5 systan the following 
conclusions are drawn: 

(1) Zinc silicate crystals grow if the lithium 
oxide content is low, 

( 2) Due to the growth of zinc silicate the resistivity 
decreases. 

( 3) Due to the growth of lithium phosphate the 
resistivity increases, 

(4) The conduction mechanism is ionic hopping. 

( 5) The thickness of the conducting layers has been 
found to be 130 micron for 6 hours of ion exchange and 
3 hours of reduction at 300° C, 
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